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The purpose of this presentation is to review the 
effects of transluminal ngioplasty on the biology of 
the arterial wall. The review will first focus on the 
acute effects of angioplasty on arterial wall structure 
and function and then focus on the biologic 
responses that take place in the dilated artery. 
Acute effects of balloon angioplasty on the arte- 
rial wall 
The principle objective of balloon angioplasty is
to increase the luminal diameter of the stenotic 
artery whose diameter was reduced by the presence 
of an atherosclerotic lesion. The mechanism(s) by 
which balloon angioplasty increase lumen diameter 
include (in order of magnitude) 
• circumferential stretching of arterial wall producing 
longitudinal tears of the plaque and internal elastic 
lamina and irreversibly stretching the collagen 
fibers of arterial wall 
• redistribution of plaque longitudinally 
• plaque compression and extrusion of fluid 
• embolization of plaque 
The acute effects of balloon angioplasty on the 
arterial wall are summarized below. 
Endothelial denudation. Injury/destruction f 
the endothelium results in a reduction/elimination 
of the endothelium-derived factors that normally 
inhibit platelet adhesion/aggregation and thrombus 
formation (prostacyclin, nitric oxide, plasminogen 
activators), inhibit recruitment of leukocytes (nitric 
oxide, low selectin and chemoattractant produc- 
tion), inhibit vascular smooth muscle contraction 
(nitric oxide, prostacyclin), and inhibit smooth mus- 
cle migration and proliferation (prostacyclin, itric 
oxide, heparan sulfate). 
Plaque disruption. Tearing of plaque exposes 
underlying thrombogenic surfaces resulting in platelet 
adhesion, aggregation, and degranulation, which 
releases factors including platelet-derived growth fac- 
tor, a potent smooth muscle cell chemoattractant, and 
mitogen. Plaque disruption also releases tissue factor 
that activates the extrinsic coagulation pathway lead- 
hag to the formation of thrombin that promotes both 
fibrin formation and smooth muscle proliferation. 
Medial injury. Balloon dilation of the artery 
injures and lyses vascular smooth muscle cells and 
irreversibly stretches elastin and collagen. Depending 
on the magnitude of the injury, arterial contractility 
can increase (vasospasm) in response to the release of 
serotonin from platelets and/or endothelin from 
injured endothelial cells. Alternatively, contractility 
can decrease, even to the point of paralysis. Medial 
injury can increase fluid conductivity and decrease 
wall thickness, factors that affect arterial permeability 
to growth factors and cytokines.1 
Technical factors. A number of technical variables 
influence the effects of angioplasty on the arterial wall. 
For example, an increase in the balloon-artery atio 
increases arterial stretch, which decreases the likeli- 
hood of elastic recoil but also increases the likelihood 
of arterial injury and cell death. Increasing the dura- 
tion of balloon inflation, while not causing further 
changes in passive arterial mechanics, can increase 
vascular smooth muscle cell injury and decrease 
contractility. 
Responses to angioplasty-induced arterial injury 
Platelet deposition. Radiolabeled platelet stud- 
ies have demonstrated that platelet recruitment 
begins immediately after angioplasty, peaks in about 
an hour, and subsides over the next several days. The 
magnitude of recruitment appears to be directly 
related to the severity of the injury. 2 
Inflammation. After balloon angioplasty, poly- 
morphonuclear leukocytes and monocytes are 
attracted to the injured arterial wall. Neutrophil 
accumulation begins within an hour after angioplas- 
ty and continues for days to weeks. Monocyte accu- 
mulation begins within a day and peaks 1 to 2 weeks 
after angioplasty. 3 At least four mechanisms are 
potentially involved in the recruitment ofleukocytes 
to the site of arterial injury. These include activation 
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of circulating leukocytes by cytokines released at the 
site of balloon angioplasty; upregulation of leuko- 
cyte-binding adhesion molecules (ICAM- 1, VCAM- 
1) on activated endothelial and vascular smooth 
muscle cells; increased monocyte chemoattractant 
protein-I production by activated endothelial cells, 
smooth muscle cells, and macrophages; and the 
binding of activated neutrophils and monocytes to 
thrombus that has formed on the damaged artery. 
The impact hat leukocytes have on postangioplasty 
repair/remodeling processes can be inferred from 
studies that have successfully inhibited their recruit- 
ment and found reduced intimal thickening. 
Smooth muscle cell migration/proliferation 
and matrix deposition. Balloon angioplasty induces 
the formation of a neointima proportional to the 
magnitude of the arterial injury. 4 This neointima is 
formed by vascular smooth muscle cells that migrate 
to the site of injury where they undergo proliferation 
and secrete xtracellular matrix. For the smooth mus- 
cle cells to migrate and proliferate, they must first 
convert from their normal contractile phenotype to a 
noncontractile, synthetic phenotype. This modula- 
tion is induced by growth factors released at the time 
of angioplasty, particularly PDGF and bFGF. After 
changing phenotype, the smooth muscle cells are free 
to migrate in response to chemoattractants including 
PDGF. This migration is facilitated by the release of 
matrix-degrading metalloproteinases. Smooth mus- 
cle cells in the media and intima also proliferate in 
response to mitogens including bFGF, PDGF, 
insulin growth factor-1, angiotensin, endothelin, and 
thrombin. Cell proliferation begins shortly after 
angioplasty, pealcs 4 to 7 days after angioplasty, and is 
complete by 2 to 4 weeks. Subsequently, the smooth 
muscle cells secrete xtracellular matrix (collagen, 
elastin, fibronectin, proteoglycans) for up to 12 
weeks, which further contributes to intimal thicken- 
ing. s Eventually, many of the smooth muscle cells 
convert back to their contractile phenotype resulting 
in a return of contractile function towards normal. 
Adventitial responses. Balloon angioplasty may 
also injure the adventitia nd the myofibroblasts 
contained therein. These myofibroblasts can then 
contribute to restenosis by migrating to the intima 
and increasing its thickness. These cells can also pre- 
vent arterial expansion (positive remodeling) by 
occupying adventitial space that normally would be 
used for arterial expansion or induce arterial con- 
tracture (negative remodeling) by undergoing a 
process analogous to wound contracture. 6 
Endothelial cell regrowth. Shortly after angio- 
plasty, dilated surfaces begin to reendothelialize S c- 
ondary to the migration and proliferation of cells 
from areas proximal and distal to the angioplasty 
site. Depending on the species being studies, 
regrowth may occur rapidly (pig), moderately (rab- 
bit), or slowly (dog). However, even after the reen- 
dothelialization has taken place, the return of nor- 
mal endothelial function may take considerably 
longer. For example, it may take several months for 
the acetylcholine-induced r lease of nitric oxide to 
return to normal: 7Several studies have demonstrat- 
ed that promoting endothelial cell regrowth reduces 
restenosis. The reduction is due in part to the abili- 
ty of the endothelium to limit smooth muscle migra- 
tion and proliferation. This reduction is also do to 
the ability of the endothelium to promote flow- 
induced, positive geometric remodeling. 8 
Return of  circumferential wall stress to nor- 
mal--wal l  thickening and lumen reduction. 
Recent studies in both man and animals have 
demonstrated that intimal thickening and negative 
arterial remodeling are responsible for approximate- 
ly one third and two thirds of the total lumen loss, 
respectively. 9 Intimal thickening involves the 
recruitment of SMCs and perhaps adventitial myofi- 
broblasts to the intima where they proliferate and 
secrete xtracellular matrix. Intimal thickening may 
be part of a physiologic feedback loop that returns 
wall stress toward normal, as predicted by the law of 
Laplace (circumferential wall stress = transmural 
pressure x lumen diameter/wall thickness). That is, 
intimal thickening (increased wall thicl~ess) and the 
resultant decrease in lumen diameter are the artery's 
response to increased wall stress induced by the bal- 
loon dilatation (increased lumen diameter and 
decreased wall thicl~ess). ] Factors that may partici- 
pate in this negative feedback loop include stress- 
induced release of bFGF and IGF-1, factors that 
promote cell proliferation, and increased vascular 
tone. 10 
Return of wall shear stress to normal--geo- 
metric remodeling. Positive geometric remodeling 
after angioplasty, which has previously been 
observed in atherosclerosis, arteriovenous shunts, 
and high-flow vascular grafts, may be part of a phys- 
iologic feedback mechanism that keeps luminal shcar 
stress constant. This mechanism is thought to be 
mediated, at least in part, by a shear-stress ensing 
mechanism(s) in the endothelium that controls the 
release of vasodilatory (prostacyclin, nitric oxide) 
and vasoconstrictor (endothelin) factors. Kestenosis 
is, in part, the result of a failure of thc artery to 
undergo enlargement to compensate for increased 
intraluminal shear stress brought about by neointi- 
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mal lumen encroachment. This failure to enlarge 
may be the result of a dysfunctional or absent 
endothelium; pcriadventitial fibrosis limiting arterial 
expansion; or arterial shrinkage brought about by 
increased vasomotor tone, apoptosis, or fibrotic 
contracture. 9 
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Proteins can bind to biological surfaces by non- 
specific mechanisms, typically by involving polar 
groups. Yet, these interactions are usually fleeting, 
such as in the case of binding of albumin to the 
native vascular surface. Artificial surfaces always 
interact by nonspecific mechanisms when in contact 
with proteins. In the vascular compartment, interac- 
tions with plasma proteins are largely influenced by 
the concentration, size, and conformation of the 
individual proteins as well as their net surface charge 
and hydrophilic and hydrophobic areas. 1 
There are probably around 200 protein species 
in blood, some of which have highly specific func- 
tions. Individual protein concentration varies great- 
ly. For example, albumin is six times more abundant 
in plasma than IgG and 600 times more than IgM. 
The size also differs markedly, ranging from small 
peptide hormones with a molecular weight of a few 
thousand altons to a very low density fipoprotein 
(VLDL) of several million. The net electrical charge, 
which partially determines electrophorctic mobility, 
also varies markedly from an isoelectric point of 4.9 
in serum albumin to 11.0 in lysozyme. The shape, 
charge distribution, and the arrangement of polar 
and nonpolar areas on the molecular surface influ- 
ence spatial distribution and interaction with other 
proteins of the same and different species. 
Much of the physiological functions of serum 
proteins and their interactions with foreign surfaces 
depend on the water organization around their 
structure. Water molecules weakly bind by polar 
hydrogen forces to charged groups and are ordered 
on proteins and surfaces in hydration layers with a 
decreasing attraction gradient away from these 
groups) Since organized water provides the basis of 
interaction with other forces governing molecular 
interactions such as hydrogen, ionic, and van der 
Waals, it influences protein conformation, mobility, 
and miscibility. 3 The organization of water dipoles 
also plays an important role in determining protein 
interaction with foreign surfaces. Protein hydration 
layers may transfer electrostatic attractive forces to 
couple with surface hydration layers. This may be 
the basis for weak and transient attachment of pro- 
teins to surfaces, particularly if both protein and sur- 
faces have polar areas available for interaction. 
If the polar attraction between proteins and sur- 
face is strong enough, water will be displaced from 
the intervening space. However, as a charged pro- 
tein approaches a polar surface, it encounters an 
increasingly repulsive force associated with increased 
entropy of trapped counterions and the resulting 
augmented osmotic pressure. Complete dehydration 
of such space to allow direct protein/surface ontact 
would therefore involve an expenditure of energy 
equivalent to the entropic energy of the ion lattice. 
Theoretically, closer interaction with the surface may 
also bring hydrophobic portions from the surface 
close enough to hydrophobic areas of the protein 
molecule to contact. Protein hydrophobic areas are 
typically located in the inner portions of the mole- 
